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( 57 ) ABSTRACT 
A method for managing a storage appliance . The method 
includes determining an input / output ( 1 / 0 ) workload char 
acterization ( IWC ) for the storage appliance . The method 
further includes determining an optimized temperature for 
the storage modules in the storage appliance based on the 
IWC , determining that a current temperature of the storage 
modules is not the optimized temperature , and modifying 
operation of at least one active cooling component in the 
storage appliance to change the current temperature of the 
storage modules to the optimized temperature . 
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METHOD AND SYSTEM FOR IMPROVING FIGS . 5A - 6 show methods in accordance with one or 
FLASH STORAGE PERFORMANCE FOR more embodiments of the invention . 
VARIOUS TYPES OF WORKLOADS BY 

MODULATING OPERATING DETAILED DESCRIPTION 
TEMPERATURE 

Specific embodiments of the invention will now be 
BACKGROUND described in detail with reference to the accompanying 

figures . In the following detailed description of embodi 
Storage systems include multiple components . Many of ments of the invention , numerous specific details are set 

these components , when performing various operations , 10 forth in order to provide a more thorough understanding of 
generate heat . The storage systems typically attempt to the invention . However , it will be apparent to one of 
dissipate the generated heat using , for example , fans and / or ordinary skill in the art that the invention may be practiced 
heat sinks . without these specific details . In other instances , well - known 

features have not been described in detail to avoid unnec 
SUMMARY 15 essarily complicating the description 

In the following description of FIGS . 1 - 6 , any component 
In general , in one aspect , the invention relates to a method described with regard to a figure , in various embodiments of 

for managing a storage appliance . The method includes the invention , may be equivalent to one or more like - named 
determining an input / output ( I / O ) workload characterization components described with regard to any other figure . For 
( IWC ) for the storage appliance , determining an optimized 20 brevity , descriptions of these components will not be 
temperature for a plurality of storage modules in the storage repeated with regard to each figure . Thus , each and every 
appliance based on the IWC , determining that a current embodiment of the components of each figure is incorpo 
temperature of the plurality of storage modules is not the rated by reference and assumed to be optionally present 
optimized temperature , and modifying operation of at least within every other figure having one or more like - named 
one active cooling component in the storage appliance to 25 components . Additionally , in accordance with various 
change the current temperature of the plurality of storage embodiments of the invention , any description of the com 
modules to the optimized temperature . ponents of a figure is to be interpreted as an optional 

In general , in one aspect , the invention relates to a system . embodiment which may be implemented in addition to , in 
The system includes a storage module comprising a storage conjunction with , or in place of the embodiments described 
module controller and persistent storage , and a control 30 with regard to a corresponding like - named component in 
module operatively connected to the storage module and a any other figure . 
client , an active cooling component operatively connected to In general , embodiments of the invention relate to modu 
the control module , wherein the control module determines lating the operating temperature of the solid - state memory 
an input / output ( I / O ) workload characterization ( IWC ) for modules ( SSMMs ) in order to improve performance of the 
the storage appliance , determines an optimized temperature 35 storage appliance . More specifically , embodiments of the 
for the storage module in the storage appliance based on the invention relate to changing the operating temperature of the 
IWC , determines that a current temperature of the storage SSMMs based on the type of I / O requests ( also referred to 
module is not the optimized temperature , and modifies as “ I / O workload characterization ( IWC ) ” ) that the SSMMs 
operation of the active cooling component to change the is / will be servicing . By modulating the temperature of the 
current temperature of the storage module to the optimized 40 SSMMs based on IWC , the storage appliance can take 
temperature . advantage of the performance differences of the SSMMS 

In general , in one aspect , the invention relates to a when servicing I / O requests at different temperatures . For 
non - transitory computer readable medium comprising com - example , in one embodiment of the invention , read requests 
puter readable program code to : determine an input / output are performed more efficiently by the SSMMs when the 
( 1 / 0 ) workload characterization ( IWC ) for the storage appli - 45 temperature is relatively low ( e . g . , 20° C . ) and write requests 
ance , determine an optimized temperature for a plurality of are performed more efficiently when the temperature is 
storage modules in the storage appliance based on the IWC , relatively high ( e . g . , 70° C . ) . Accordingly , when the IWC 
determine that a current temperature of the plurality of indicates that the workload is predominately read requests , 
storage modules is not the optimized temperature , and the storage appliance may take actions to lower the operat 
modify operation of at least one active cooling component in 50 ing temperature of the SSMMs and when the IWC indicates 
the storage appliance to change the current temperature of that the workload is predominately write requests , the stor 
the plurality of storage modules to the optimized tempera - age appliance may take actions to increase the operating 
ture . temperatures of the SSMMs . 

Other aspects of the invention will be apparent from the The following description describes one or more systems 
following description and the appended claims . 55 and methods for implementing one or more embodiments of 

the invention . 
BRIEF DESCRIPTION OF DRAWINGS FIGS . 1A - 1C show systems in accordance with one or 

more embodiments of the invention . Referring to FIG . 1A , 
FIGS . 1A - 1C show systems in accordance with one or the system includes one or more clients ( client A ( 100A ) , 

more embodiments of the invention . 60 client M ( 100M ) ) operatively connected to a storage appli 
FIG . 2 shows storage appliances in accordance with one ance ( 102 ) . 

or more embodiments of the invention . In one embodiment of the invention , clients ( 100A , 
FIG . 3 shows a storage module in accordance with one or 100M ) correspond to any physical system that includes the 

more embodiments of the invention . functionality to issue a read request to the storage appliance 
FIG . 4 shows the relationship between various compo - 65 ( 102 ) and / or issue a write request to the storage appliance 

nents in accordance with one or more embodiments of the ( 102 ) . Though not shown in FIG . 1A , each of the clients 
invention . ( 100A , 100M ) may include a client processor ( not shown ) , 

of 
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client memory ( not shown ) , and any other software and / or tion . Those skilled in the art will appreciate that while FIGS . 
hardware necessary to implement one or more embodiments 1A - 1C show various system configurations , the invention is 
of the invention . not limited to the aforementioned system configurations . 

In one embodiment of the invention , the client ( 100A , Further , those skilled in the art will appreciate that the clients 
100M ) is configured to execute an operating system ( OS ) 5 ( regardless of the configuration of the system ) may be 
that includes a file system . The file system provides a connected to the storage appliance ( s ) using any other physi 
mechanism for the storage and retrieval of files from the cal connection without departing from the invention . storage appliance ( 102 ) . More specifically , the file system FIG . 2 shows embodiments of a storage appliance in includes functionality to perform the necessary actions to accordance with one or more embodiments of the invention . issue read requests and write requests to the storage appli - 10 1 The storage appliance includes a control module ( 200 ) and ance . The file system also provides programming interfaces a storage module group ( 202 ) . Each of these components is to enable the creation and deletion of files , reading and described below . In general , the control module ( 200 ) is writing of files , performing seeks within a file , creating and 
deleting directories , managing directory contents , etc . In configured to manage the servicing of read and write 
addition , the file system also provides management inter - 15 req inter - 15 requests from one or more clients . In particular , the control 
faces to create and delete file systems . In one embodiment module is configured to receive requests from one or more 
of the invention , to access a file , the operating system ( via clients via the IOM ( discussed below ) , to process the request 
the file system ) typically provides file manipulation inter ( which may include sending the request to the storage 
faces to open , close , read , and write the data within each file module ) , and to provide a response to the client after the 
and / or to manipulate the corresponding metadata . 20 request has been serviced . In addition , the control module 

Continuing with the discussion of FIG . 1A , in one ( 200 ) includes functionality to perform various garbage 
embodiment of the invention , the clients ( 100A , 100M ) are collection operations . The operation of the control module 
configured to communicate with the storage appliance ( 102 ) with respect to servicing I / O requests is described below 
using one or more of the following protocols : Peripheral with reference to FIG . 5 . The control module also includes 
Component Interconnect ( PCI ) , PCI - Express ( PCIe ) , PCI - 25 functionality to modify the operating temperature of the 
eXtended ( PCI - X ) , Non - Volatile Memory Express ( NVMe ) , operating temperature of the solid - state memory modules 
Non - Volatile Memory Express ( NVMe ) over a PCI - Express ( see FIGS . 5B and 6 below ) . Additional details about the 
fabric , Non - Volatile Memory Express ( NVMe ) over an components in the control module are included below . 
Ethernet fabric , and Non - Volatile Memory Express ( NVMe Continuing with the discussion of FIG . 2 , in one embodi 
over an Infiniband fabric . Those skilled in the art will 30 ment of the invention , the control module ( 200 ) includes an 
appreciate that the invention is not limited to the aforemen - Input / Output Module ( IOM ) ( 204 ) , a processor ( 208 ) , a 
tioned protocols . memory ( 210 ) , and , optionally , a Field Programmable Gate 

In one embodiment of the invention , the storage appliance Array ( FPGA ) ( 212 ) . In one embodiment of the invention , 
( 102 ) is a system that includes volatile and persistent storage the IOM ( 204 ) is the physical interface between the clients 
and is configured to service read requests and / or write 35 ( e . g . , 100A , 100M in FIGS . 1A - 1C ) and the other compo 
requests from one or more clients ( 100A , 100M ) . Various nents in the storage appliance . The IOM supports one or 
embodiments of the storage appliance ( 102 ) are described more of the following protocols : PCI , PCIe , PCI - X , Ethernet 
below in FIG . 2 . ( including , but not limited to , the various standards defined 

Referring to FIG . 1B , FIG . 1B shows a system in which under the IEEE 802 . 3a - 802 . 3bj ) , Infiniband , and Remote 
clients ( 100A , 100M ) are connected to multiple storage 40 Direct Memory Access ( RDMA ) over Converged Ethernet 
appliances ( 104A , 104B , 104C , 104D ) arranged in a mesh ( ROCE ) . Those skilled in the art will appreciate that the IOM 
configuration ( denoted as storage appliance mesh ( 104 ) in may be implemented using protocols other than those listed 
FIG . 1B ) . As shown in FIG . 1B , the storage appliance mesh above without departing from the invention . 
( 104 ) is shown in a fully - connected mesh configuration - Continuing with FIG . 2 , the processor ( 208 ) is a group of 
that is , every storage appliance ( 104A , 104B , 104C , 104D ) 45 electronic circuits with a single core or multi - cores that are 
in the storage appliance mesh ( 104 ) is directly connected to configured to execute instructions . In one embodiment of the 
every other storage appliance ( 104A , 104B , 104C , 104D ) in invention , the processor ( 208 ) may be implemented using a 
the storage appliance mesh ( 104 ) . In one embodiment of the Complex Instruction Set ( CISC ) Architecture or a Reduced 
invention , each of the clients ( 100A , 100M ) may be directly Instruction Set ( RISC ) Architecture . In one or more embodi 
connected to one or more storage appliances ( 104A , 104B , 50 ments of the invention , the processor ( 208 ) includes a root 
104C , 104D ) in the storage appliance mesh ( 104 ) . Those complex ( as defined by the PCIe protocol ) . In one embodi 
skilled in the art will appreciate that the storage appliance m ent of the invention , if the control module ( 200 ) includes 
mesh may be implemented using other mesh configurations a root complex ( which may be integrated into the processor 
( e . g . , partially connected mesh ) without departing from the ( 208 ) ) then the memory ( 210 ) is connected to the processor 
invention . 55 ( 208 ) via the root complex . Alternatively , the memory ( 210 ) 

Referring to FIG . 1C , FIG . 1C shows a system in which is directly connected to the processor ( 208 ) using another 
clients ( 100A , 100M ) are connected to multiple storage point - to - point connection mechanism . In one embodiment 
appliances ( 104A , 104B , 104C , 104D ) arranged in a fan - out of the invention , the memory ( 210 ) corresponds to any 
configuration . In this configuration , each client ( 100A , volatile memory including , but not limited to , Dynamic 
100M ) is connected to one or more of the storage appliances 60 Random - Access Memory ( DRAM ) , Synchronous DRAM , 
( 104A , 104B , 104C , 104D ) ; however , there is no commu SDR SDRAM , and DDR SDRAM . 
nication between the individual storage appliances ( 104A , In one embodiment of the invention , the processor ( 208 ) 
104B , 104C , 104D ) . is configured to create and update an in - memory data 

Those skilled in the art will appreciate that while FIGS . structure ( not shown ) , where the in - memory data structure is 
1A - 1C show storage appliances connected to a limited 65 stored in the memory ( 210 ) . In one embodiment of the 
number of clients , the storage appliances may be connected invention , the in - memory data structure includes informa 
to any number of clients without departing from the inven t ion described in FIG . 4 . 
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In one embodiment of the invention , the processor is ( TLCs ) . Those skilled in the art will appreciate that embodi 
configured to offload various types of processing to the ments of the invention are not limited to storage class 
FPGA ( 212 ) . In one embodiment of the invention , the FPGA memory . 
( 212 ) includes functionality to calculate checksums for data In one embodiment of the invention , the internal sensor ( s ) 
that is being written to the storage module ( s ) and / or data that 5 ( 306 ) is located within the storage module and operatively 
is being read from the storage module ( s ) . Further , the FPGA connected to the storage module controller ( 302 ) . The inter 
( 212 ) may include functionality to calculate P and / or Q nal sensor ( s ) ( 306 ) is used to determine the internal tem 
parity information for purposes of storing data in the storage perature of the storage module and / or the temperatures of 
module ( s ) using a RAID scheme ( e . g . , RAID 2 - RAID 6 one or more SSMMs . The internal sensor ( s ) may provide the 
and / or functionality to perform various calculations neces - 10 temperature information to the storage module controller 
sary to recover corrupted data stored using a RAID scheme ( 302 ) . The storage module controller ( 302 ) may then provide 
( e . g . , RAID 2 - RAID 6 ) . In one embodiment of the invention , the temperature information to the control module ( FIG . 2 , 
the storage module group ( 202 ) includes one or more storage 200 ) . The temperature information may be communicated 
modules ( 214A , 214N ) each configured to store data . One from the storage module controller and control module using 
embodiment of a storage module is described below in FIG . 15 any known data transfer mechanism . The internal sensor ( s ) 

( 306 ) may be any type of sensor that is suitable to monitor 
In one embodiment of the invention , the storage module temperature as described above . 

includes one or more active cooling components ( 216 ) . The FIG . 4 shows the relationship between various compo 
active cooling components may be any physical component nents in accordance with one or more embodiments of the 
that is able to modify the temperature of the SSMMs ( not 20 invention . More specifically , FIG . 4 shows the various types 
shown ) in the storage modules ( 214A , 214N ) . A non - of information that are stored in the memory of the control 
limiting example of an active cooling component is a fan . module . Further , the control module includes functionality 
One or more active cooling components may be located to update the information stored in the memory of the 
within the storage appliance ( i . e . , within the chassis of the control module . The information described below may be 
storage appliance ) and positioned in order to enable it / them 25 stored in one or more in - memory data structures . Further , 
to modify the temperature of the SSMMs based on instruc - any data structure type ( e . g . , arrays , linked lists , hash tables , 
tions from the control module . Additionally , or alternatively , etc . ) may be used to organize the following information 
one or more active cooling components may be located within the in - memory data structure ( s ) provided that the data 
outside the storage appliance ( i . e . , outside the chassis of the structure type ( s ) maintains the relationships ( as described 
storage appliance ) and positioned in order to enable it to 30 below ) between the information . 
modify the temperature of the SSMMs based on instructions The memory includes a mapping of logical addresses 
from the control module . ( 400 ) to physical addresses ( 402 ) . In one embodiment of the 

In one embodiment of the invention , the storage appliance invention , the logical address ( 400 ) is an address at which 
may include one or more external sensor ( s ) ( 218 ) ( i . e . , the the data appears to reside from the perspective of the client 
external sensor is located within the chassis ) . The external 35 ( e . g . , 100A , 100M in FIG . 1A ) . Said another way , the logical 
sensor ( s ) is operatively connected to the control module and address ( 400 ) corresponds to the address that is used by the 
is configured to monitor the internal temperature of the file system on the client when issuing a read request to the 
storage appliance ( i . e . , the temperature within the chassis ) storage appliance . 
and / or the external temperature of the storage modules In one embodiment of the invention , the logical address is 
( 214A , 214N ) ( e . g . , the temperature on the external cover of 40 ( or includes ) a hash value generated by applying a hash 
the storage module ) . The external sensor ( s ) ( 218 ) may be function ( e . g . , SHA - 1 , MD - 5 , etc . ) to an n - tuple , where the 
any type of sensor that is suitable to monitor temperature as n - tuple is < object ID , offset ID > . In one embodiment of the 
described above . invention , the object ID defines a file and the offset ID 

FIG . 3 shows a storage module in accordance with one or defines a location relative to the starting address of the file . 
more embodiments of the invention . The storage module 45 In another embodiment of the invention , the n - tuple is 
( 300 ) includes a storage module controller ( 302 ) , memory < object ID , offset ID , birth time > , where the birth time 
( not shown ) , one or more internal sensors ( s ) ( 306 ) and one corresponds to the time when the file ( identified using the 
or more solid - state memory modules ( 304A , 304N ) . Each of object ID ) was created . Alternatively , the logical address 
these components is described below . may include a logical object ID and a logical byte address , 

In one embodiment of the invention , the storage module 50 or a logical object ID and a logical address offset . In another 
controller ( 302 ) is configured to receive read and / or write embodiment of the invention , the logical address includes an 
requests from the control module . Further , the storage mod object ID and an offset ID . Those skilled in the art will 
ule controller ( 300 ) is configured to service the read and appreciate that multiple logical addresses may be mapped to 
write requests using the memory ( not shown ) and / or the a single physical address , and that the logical address 
solid - state memory modules ( 304A , 304N ) . 55 content and / or format is not limited to the above embodi 

In one embodiment of the invention , the memory ( not ments . 
shown ) corresponds to any volatile memory including , but In one embodiment of the invention , the physical address 
not limited to , Dynamic Random - Access Memory ( DRAM ) , ( 402 ) corresponds to a physical location in a solid - state 
Synchronous DRAM , SDR SDRAM , and DDR SDRAM memory module ( 304A , 304N ) in FIG . 3 . In one embodi 

In one embodiment of the invention , the solid - state 60 ment of the invention , the physical address is defined as the 
memory modules correspond to any data storage device that following n - tuple : < storage module , channel , chip enable , 
uses solid - state memory to store persistent data . In one LUN , plane , block , page number , byte > . 
embodiment of the invention , solid - state memory may In one embodiment of the invention , the memory includes 
include , but is not limited to , NAND Flash memory and a mapping between I / O workload characterization ( IWC ) 
NOR Flash memory . Further , the NAND Flash memory and 65 and optimized temperature ( 406 ) . The IWC specifies the 
the NOR flash memory may include single - level cells proportion of read requests to write requests that the storage 
( SLCs ) , multi - level cell ( MLCs ) , or triple - level cells appliance is / will be processing . The granularity of the IWC 
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may vary based on the implementation . For example , the embodiment of the invention , the optimized temperature is 
IWC may be specified with a low level of granularity where within the allowable operating temperature range of the 
the IWC only has three potential states : proportion of read SSMMs . 
requests > 70 % , proportion of read requests < 70 % and > 30 % , Turning to the flowcharts , while the various steps in the 
or proportion of read requests < 30 % . Alternatively , the IWC 5 flowcharts are presented and described sequentially , one of 
may be specified at a high level of granularity , e . g . , at 10 % ordinary skill will appreciate that some or all of the steps 
increments . For example , the IWC may be specified as may be executed in different orders , may be combined or 
follows : proportion of read requestss10 % , proportion of omitted , and some or all of the steps may be executed in 
read request 10 % but less then 20 % , etc . The above parallel . 
examples are not intended to limit the scope of the invention . FIG . 5A shows a method for processing I / O requests from 
Other schemes for representing the IWC may be used clients . 
without departing from the invention . In step 500 , I / O requests are received from one or more 

In one embodiment of the invention , the IWC only takes clients . The I / O requests may be client read requests and / or 
into account client read requests and client write requests 15 client write requests . The I / O requests may include other I / O 
( i . e . , I / O requests issued by a client , see FIG . 1 , 100A ) . requests without departing from the invention . The I / O 
Alternatively , the IWC only takes into account I / O requests requests may be received serially or in parallel . 
issued by clients and I / O requests initiated by the control In step 502 , the storage appliance services the I / O 
module ( e . g . , I / O requests that are part of garbage collection requests . Servicing the I / O requests may involve , for 
operations and / or data migration operations ) . The aforemen - 20 example , sending read requests to one or more storage 
tioned I / O requests are described below . modules and / or sending one or more write requests to one or 

In one embodiment of the invention , a client read request more storage modules . 
is issued by a client ( e . g . , FIG . 1A , 100A ) where the read In step 504 , responses to the I / O requests are provided to 
request includes a logical address . The response to the read the appropriate clients . The responses for the various types 
request is : ( i ) data retrieved from the storage module or ( ii ) 25 of requests are described above . 
a notification indicating the data is corrupted ( i . e . , the data The method shown in FIG . 5A may be performed con 
cannot be retrieved from the storage module and / or the data tinuously during the operation of the storage appliance . 
cannot be corrected or reconstructed using error correcting Though not shown in FIG . 5A , the storage appliance , as mechanisms implemented by the storage module controller discussed above , may itself also be generating I / O requests . 
and / or the control module ) . 30 These I / O requests are also serviced by the appropriate In one embodiment of the invention , a client write request storage modules . The I / O requests generated by the storage is issued by a client ( e . g . , FIG . 1A , 100A ) where the write appliance may be processed before , after , and / or contempo request includes data or a reference to data that is to be 
stored in the storage modules . Upon receipt of a write raneously with I / O requests received from one or more 
request , the control module determines one or more pages to 35 25 clients . Accordingly , at any given time , the I / O requests 
be used to store the data in the persistent storage . being serviced by the storage modules may be : ( i ) only 1 / 0 

In one embodiment of the invention , the garbage collec - requests from clients ; ( ii ) only 1 / 0 requests from the storage 
tion operations are performed as part of a garbage collection appliance ; or ( 111 ) a combination of I / O requests from clients 
process implemented by the control module . The aim of the and I / O requests from the storage appliance . 
garbage collection process is to reclaim dead pages ( i . e . , 40 FIG . 5B shows a method for determining I / O workload 
pages that no longer include live data ( i . e . , data that is being characterization ( IWC ) and then taking action in response to 
used by the control module and / or one or more applications the IWC in accordance with one or more embodiments of the 
executing on a client ) ) . This may be achieved by : ( i ) invention . The method shown in FIG . 5B may be performed 
identifying blocks in the storage modules that include a in parallel with the method shown in FIG . 5A . Further , the 
combination of live pages and dead pages ; and ( ii ) moving 45 method shown in FIG . 5B may be performed periodically . 
the live data to one or more pages in another block ( s ) in the For example , the method shown in FIG . 5B may be per 
storage modules that only includes live pages . formed every 20 minutes . The method shown in FIG . 5B 

In one embodiment of the invention , a data migration may be performed more or less frequently without departing 
operation corresponds to a series of read requests and write from the invention . 
requests that are initiated by the control module in order to 50 In step 510 , the I / O requests ( including 1 / 0 requests that 
copy data from one storage module ( s ) to another storage are generated by the storage or received by the storage 
module . For example , if one storage module is going to be appliance but not yet processed and I / O requests that have 
replaced , the control module may initiate migration of the been serviced by the storage appliance ) are analyzed to 
data from that storage module to another storage module in determine an I / O workload characterization ( IWC ) . More 
the storage appliance . 55 specifically , as I / O requests are generated and / or received by 

Continuing with the discussion of FIG . 4 , in one embodi - the storage appliance ( see FIG . 5A , step 500 ) , the storage 
ment of the invention , the optimized temperature ( 406 ) may appliance may record the time the I / O request was generated 
be a single temperature or a temperature range . The opti - or received and the type of I / O request ( e . g . , read , write , 
mized temperature corresponds to the temperature at which etc . ) . This information may be stored in the memory of the 
the SSMMs perform most efficiently for a given IWC . Said 60 control module . At time t , the I / O requests received at a 
another way , at the optimized temperature for a given IWC , certain time window prior to t are obtained and analyzed to 
the SSMMs service I / O requests with less latency and / or less determine the IWC for the storage appliance . For example , 
errors relatively to when the same I / O requests are serviced at time t the aforementioned information about all I / O 
at temperatures other than the optimized temperature . The requests received in the ten minutes preceding t are obtained 
optimized temperature may be determined experimentally 65 from the memory and used to determine the IWC . Other 
and then the resulting information may then be provided to time windows may be used without departing from the 
( or otherwise obtained by ) the control module . In one invention . 
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In step 512 , the optimized temperature for the IWC is tions may correspond to computer readable instructions that 
determined using the mapping in the memory of the control are stored on one or more non - transitory computer readable 
module . mediums . 

In step 514 , a determination is made about whether the While the invention has been described with respect to a 
current temperature ( e . g . , current average temperature ) of 5 limited number of embodiments , those skilled in the art , 
the SSMMs in the storage appliance equal to the optimized having benefit of this disclosure , will appreciate that other 
temperature . The current average temperature of the embodiments can be devised which do not depart from the 
SSMMs may be determined using one or more external scope of the invention as disclosed herein . Accordingly , the 
sensors and / or one or more internal sensors ( See FIGS . 2 and scope of the invention should be limited only by the attached 
3 ) . If the optimized temperature obtained in step 512 is a 10 claims . 
single temperature , then determination in step 514 is 
whether the current temperature of the SSMMs is equal to What is claimed is : 
the optimized temperature ( optionally , ta temperature vari - 1 . A method for managing a storage appliance , the method 
ance ) ( e . g . , 20° C . + 3° C . ) . If the optimized temperature 15 comprising : 
obtained in step 512 is a temperature range , then determi - determining an input / output ( I / O ) workload characteriza 
nation in step 514 is whether the current temperature of the tion ( IWC ) for the storage appliance ; 
SSMMs is within the temperature range ( e . g . , current tem determining an optimized temperature for a plurality of 
perature satisfies the following criterion : 60° C . scurrent storage modules in the storage appliance based on the 
temperatures70° C . ) . When the current temperature of the 20 IWC , wherein the optimized temperature is a tempera 
SSMMs in the storage appliance equal to the optimized ture at which latency of the plurality of storage modules 
temperature , the process ends ; otherwise , the process pro is minimized while servicing I / O requests ; 
ceeds to step 516 . determining that a current temperature of the plurality of 

In step 516 , the control module modifies the operation of storage modules is not the optimized temperature ; 
one or more active cooling components in order to alter the 25 modifying operation of at least one active cooling com 
current temperature of the SSMMs in order that they reach ponent in the storage appliance to change the current 
the optimized temperature ( determined in step 512 ) . For temperature of the plurality of storage modules to the 
example , if the optimized temperature is 70° C . and the optimized temperature . 
current temperature is 40° C . , then the control module may 2 . The method of claim 1 , wherein determining the IWC 
slow , stop , or temporarily stop operation of one or more fans 30 comprises : 
in the storage appliance . In another example , if the opti - receiving a projected workload from a client , wherein the 
mized temperature is 20° C . and the current temperature is client is operatively connected to the storage appliance ; 
40° C . , then the control module may start and or increase the and 
fan speed of one or more in the storage appliance . The determining the IWC using the projected workload from 
control module uses input from the one or more internal 35 the client . 
sensors and / or one or more external sensors in order to 3 . The method of claim 1 , wherein determining the IWC 
modify ( or optionally continually modify the operation of comprises : 
the active cooling components in order to maintain the determining the IWC by analyzing 1 / 0 requests from at 
current temperature of the SSMMs are the optimized tem least one client operatively connected to the storage 
perature . application . 

FIG . 6 shows a method for determining I / O workload 4 . The method of claim 3 , wherein determining the IWC 
characterization ( IWC ) in accordance with one or more further comprises : 
embodiments of the invention . The method shown in FIG . 6 analyzing I / O requests generated by the storage appliance . 
may be used to proactively determine future IWC for a 5 . The method of claim 4 , wherein the I / O requests 
storage appliance . 45 generated by the storage appliance are associated with a 

In step 600 , the storage appliance may send a request for garbage collection operation . 
projected workload to one or more clients . The request may 6 . The method of claim 1 , wherein the IWC specifies a 
be in any format that is acceptable to the client . The request projected I / O workload for the storage at time t + 1 , wherein 
may include a future time for which a projected workload is the IWC is determined at time t . 
requested . For example , the storage appliance may request a 50 7 . The method of claim 1 , wherein the IWC specifies at 
projected workload for the next hour , five hours , etc . least one selected from a group consisting of a projected I / O 

In step 602 , one or more projected workloads is received workload with predominately write request and a projected 
from one or more clients . The projected workloads may be 1 / 0 workload with predominately read requests . 
sent in response to a request in step 600 or may be sent 8 . The method of claim 1 , wherein at least one of the 
proactively by the client without any request from the 55 plurality of storage modules comprises a solid - state storage 
storage appliance . module . 

In step 604 , the projected workloads are analyzed to 9 . The method of claim 8 , wherein the solid - state storage 
determine a IWC for a future time t . The storage appliance module comprises NAND flash . 
may then store this information and then prior to time t , the 10 . The method of claim 1 , wherein the optimized tem 
storage appliance may perform steps 512 - 516 . The storage 60 perature is a temperature range . 
appliance may perform steps 512 - 516 prior to receive I / O 11 . The method of claim 1 , wherein the plurality of 
requests at future time t such that the SSMMs are already storage modules are associated with an operating tempera 
operating at the optimized temperature prior to receiving I / O ture range , wherein the optimized temperature is at lower 
requests associated with IWC . end of the operating temperature range when the IWC is 
One or more embodiments of the invention may be 65 predominately write requests , wherein the optimized tem 

implemented using instructions executed by one or more perature is at a higher end of the operating temperature range 
processors in the storage appliance . Further , such instruc - when the IWC is predominately read requests . 
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12 . A system , comprising : 16 . The system of claim 12 , wherein determining the IWC 
a storage module comprising a storage module controller comprises : 

and persistent storage ; and determining the IWC by analyzing I / O requests from at 
a control module operatively connected to the storage least one client operatively connected to the control 
module and a client ; module and analyzing 1 / 0 requests generated by the 

an active cooling component operatively connected to the control module . 
control module , 17 . The system of claim 12 , wherein the persistent storage 

wherein the control module : comprises flash memory , wherein the flash memory is one determines an input / output ( I / O ) workload character selected from a group consisting of NOR flash memory and ization ( IWC ) for a storage appliance ; 10 NAND flash memory . determines an optimized temperature for the storage 18 . The system of claim 12 , wherein the active cooling module in the storage appliance based on the IWC , 
wherein the optimized temperature is a temperature component is a fan in the storage appliance . 

19 . A non - transitory computer readable medium compris at which latency of the plurality of storage modules 
is minimized while servicing I / O requests ; 15 ing computer readable program code to : 15 ing computer readable program 

determines that a current temperature of the storage determine an input / output ( I / O ) workload characterization 
module is not the optimized temperature ; and ( IWC ) for a storage appliance ; 

modifies operation of the active cooling component to determine an optimized temperature for a plurality of 
change the current temperature of the storage module storage modules in the storage appliance based on the 
to the optimized temperature . IWC , wherein the optimized temperature is a tempera 

13 . The system of claim 12 , further comprising : ture at which latency of the plurality of storage modules 
an external sensor operatively connected to the control is minimized while servicing 1 / 0 requests ; 
module and the storage module , determine that a current temperature of the plurality of 

wherein determining that the current temperature of the storage modules is not the optimized temperature ; and 
storage module is not the optimized temperature com - 25 modify operation of at least one active cooling component 
prises obtaining a current temperature reading from the in the storage appliance to change the current tempera 
external sensor . ture of the plurality of storage modules to the optimized 

14 . The system of claim 12 , wherein the storage module temperature . 
further comprises an internal sensor operatively connected 20 . The non - transitory computer readable medium of 
to the storage module controller and the persistent storage , 30 claim 19 . wherein the computer readable program code 
wherein determining that the current temperature of the 
storage module is not the optimized temperature comprises sends a request for a projected workload to a client , obtaining a current temperature reading from the internal wherein the client is operatively connected to the sensor . 

15 . The system of claim 12 , wherein determining the IWC 35 control module ; 
comprises : receives the projected workload response from the client ; 

and sending a request for a projected workload to a client , determines the IWC using the projected workload wherein the client is operatively connected to the 
control module ; response , wherein the IWC specifies at least one 

selected from a group consisting of a projected I / O receiving a projected workload response from the client ; 40 
and workload with predominately write request and a pro 

determining the IWC using the projected workload jected I / O workload with predominately read requests . 
response . * * * * * 

further : 


